The thermodynamics of Cu 2+ -and Ni 2+ -NTA binding to polypeptides containing 2-6 histidine residues in neutral buffered aqueous solutions were characterized by isothermal titration calorimetry (ITC). The apparent dissociation constants of ternary complexes of N-acetylhexahistidine-Ni 2+ -NTA and N-acetyl-
a b s t r a c t
The thermodynamics of Cu 2+ -and Ni 2+ -NTA binding to polypeptides containing 2-6 histidine residues in neutral buffered aqueous solutions were characterized by isothermal titration calorimetry (ITC). The apparent dissociation constants of ternary complexes of N-acetylhexahistidine-Ni 2+ -NTA and N-acetylhexahistidine-Cu
2+
-NTA were 69.5 lM and 27.1 lM, respectively. Decreased number of histidine residues in the oligohistidine fragment caused gradual decrease in the stability of the mixed metal complexes and a change in the binding stoichiometry from $1:1 for N-acetylhexahistidine and N-acetylpentahistidine to $0.5:1 for N-acetyltetrahistidine and $0.3:1 for N-acetyltrihistidine, N-acetyldihistidine and N-acetylhistidine ligands. In all cases, the binding interactions are shown to be enthalpically favored. . The significance of the data is discussed in terms of important practical applications.
Ó 2015 Elsevier B.V. All rights reserved.
Introduction
Formation of kinetically labile metal complexes is a commonly used approach in self-assembly and molecular recognition and is normally characterized by large changes in enthalpy [1, 2] . Metal complexes with a single cation can easily achieve high stability that otherwise can only be obtained by simultaneous formation of weaker non-covalent interactions such as hydrogen bonds, salt bridges, dipole-dipole, or hydrophobic interactions [3] . This approach has yielded state-of-the-art coordination supramolecular architectures with a wide range of interest and applications including electronic [4, 5] , catalytic [6] , and photophysical materials [6] [7] [8] [9] . Coordination bonding has been used for self-assembly of metal oxide frameworks, coordination polymers [10] [11] [12] , molecular grids [13, 14] , molecular cages and nanocapsules [1, 15] , helicates [16, 17] , topologically defined macrocycles [18, 19] , trigger type molecules [20] , artificial base pairing in DNA [21] , and other applications [22, 23] .
In contrast to the intrinsic complementarity of hydrogen bonding and other weak interactions [24, 25] , metal ions exposed to a mixture of different ligands in solution phase produce, in most cases, statistical mixtures of homo-and heteroleptic complexes [26] . A possible solution to induce selective formation of ternary complexes from two different chelate ligands involves using two ligands possessing different electric charges. Selective formation of heteroleptic ternary complexes has been observed for square planar complexes of copper(II) cation with a-amino acids and 2,2 0 -bipyridine [27] , and for pentacoordinated copper(II) [28] and zinc(II) [29] cations with terpyridine and bipyridine ligands. Selective formation of ternary ligands around iron(III) cations has been achieved with a pair of complementary g 3 -terdentate meridional binders (pincer ligands) both belonging to hydroxyamino-1,3, 5-family [30] . This approach is commonly used in His-tag systems through formation of labile mixed complexes between a metal cation, most commonly Ni 2+ , an aminocarboxylate chelate ligand such as iminodiacetate (IDA) or nitrilotriacetate (NTA), and an oligohistidine polypeptide sequence containing 6-10 histidine residues (Fig 1) . This sequence is routinely introduced into the polypeptide chains of proteins using recombinant DNA methodology and the majority of recombinant proteins end up containing this oligohistidine polypeptide sequence.
The most common and practical application of ternary complexes involves Immobilized Metal-Affinity Chromatography (IMAC) [33] [34] [35] [36] .
In addition to the purification of recombinant proteins, the His-tag binding system has been used in membrane separation of recombinant proteins [37] , immobilization of recombinant proteins on interfaces [38, 39] and on nanoparticles [40] [41] [42] . Other applications include the development of biosensors through selfassembly in solution phase [43] of hexahistidine tags with molecules containing two [44] [45] [46] or three [47] [48] [49] [50] aminocarboxylate residues. Recently, several attempts for site specific functionalization of recombinant proteins using oligohistidine have been reported [51] . This approach involves the formation of a ternary metal complex between the oligohistidine tag of a recombinant protein and an alkylating reagent covalently attached to a nitrilotriacetate function. The resulting ternary complex serves as a template for subsequent alkylation of the non-metal binding imidazole groups on the oligohistidine tag. The alkylation of recombinant proteins with NTA tethered Baylis-Hillman esters [51] and other alkylating agents [52, 53] is a particularly promising approach that could be used for covalent derivatization of His-tagged recombinant proteins. However, smaller sequences of 2-5 sequential histidine residues that appear in natural proteins much more frequently than hexahistidine sequences can potentially compete with this method of derivatization of recombinant proteins. Binding of M 2+ -NTA by histidine molecules has been studied showing that histidine molecules can form stable ternary NTA-M
2+
-His complexes coordinated via imidazole fragment [54] . Despite numerous applications of the NTA-Ni 2+ -hexahistidine system, structural information using conventional X-ray diffraction methods are still lacking due to the inability of these heteroleptic complexes to form crystals. Furthermore, there is no in-solution thermodynamic data available on this system and the stability constants have only been indirectly determined using metalchelating microscopy tip [55] and fluorescence titrations experiments [48, [56] [57] [58] [63] [64] [65] [66] [67] [68] [69] , it is worth noting that in a single ITC experiment the association constant (K ITC ), stoichiometry (n) and the enthalpy change (DH ITC ) of binding can be simultaneously determined. The Gibbs free energy of binding (DG) and the entropy change (DS) of the reaction can be calculated using the relationships DG = ÀRT ln K ITC and DG = DH À TDS. We should mention that all reported thermodynamic quantities in this study are apparent values (i.e. experimentally measured values under non-standard conditions) which may include possible contributions to the overall equilibrium from different processes such as structural rearrangements of ligand-metal complexes upon interaction and ligands and buffer species in different states of protonation. Here, all titrations were performed at 25.00°C in 0.1 M Mops, 0.1 M NaCl, pH 7.0 with a stirring rate of 250 rpm and a titrating syringe volume of 50 lL. Typically, an automated sequence of 16 injections, each of 3 lL NTA-metal titrant into the sample cell containing 0.2 mM oligohistidine, spaced at 5 min intervals to allow complete equilibration were performed with the equivalence point coming at the area midpoint of the titration. To show that polynuclear species were not formed between the ligands and the metal ions used in this study, ITC experiments were performed under higher concentrations (i.e. 1 mM ligands and 7.5 mM metal ions, respectively, panels H in Figs. 2 and 3) . The results were similar to those reported under the lower concentrations of 0.2 mM ligands and 1.5 mM metal ions. The data were collected automatically and analyzed using the NanoAnalyze software from TA Instrument and a mathematical model involving one class of independent binding sites. All ITC experiments were repeated two to three times to ensure reproducibility with background heat corrections from NTA-metal ions titrations into buffer alone to account for the heat of dilution/mixing. Unless otherwise stated, the errors given in the tables from curve fitting are from replicate measurements. Conditions for each experiment are given in the figure captions.
To check the accuracy of the measured enthalpies and validate the thermodynamic data, chemical (i.e. acid base titrations and/or Ba 2+ titration into 18-Crown-6) and electrical (multiple 250 uJ 
NTA-Ni
2+ complex is adopted from [31, 32] .
pulses) calibrations were performed according to the manufacturer recommendation and published protocols [70, 71] . -iminodiacetate derivatized complex by hexahistidine-tagged proteins [43] revealed no displacement of iminodiacetate. Thus, it is reasonable to assume that the species present in appreciable amounts in -NTA to N-acetylhexahistidine are shown in Fig. 2G after subtraction of the control heats due to dilution and mixing. The ITC upward positive peaks observed in Fig. 2 -NTA complex) and a hexahistidine tag suggesting that only two of the three NTA carboxylate residues bind Ni 2+ [43] and that in these complexes NTA binds Ni 2+ in a tridentate mode (Fig. 1 ).
Results and discussion
The effect of shorter oligohistidine peptides on the formation and the strength of the ternary histidine polypeptides-Ni 2+ -NTA complexes was also considerably different from existing literature values. For example, a comprehensive study of the binding of Ni 2+ -NTA complexes immobilized on the surface of an SPR chip [35] with analogous oligohistidines reported much lower dissociation constants (K d, ITC $0.014 lM for hexahistidine increasing to $0.024 lM for pentahistidine and to $0.313 lM for tetrahistidine). This significant discrepancy can only be explained by the dominant interaction between these oligohistidine sequences and multiple immobilized Ni 2+ -NTA complexes. n represents the number of moles of M 2+ -NTA bound per oligohistidine.
N-acetyl oligo-histidine Metal cation Ni Ni -NTA to dihistidine and histidine but had a pronounced effect on the binding stoichiometry reducing it down to one-third of that of hexahistidine. However, the affinity remained pretty much constant for most histidine sequences with the exception of dihistidine and histidine which exhibited about 4-fold and 7-fold reduction, respectively (Table 1) . Therefore, while Cu 2+ -NTA showed good association with all polyhistidine peptides tested here, Ni
2+
-NTA showed no measurable association with either dihistidine or histidine. The difference in stability constants for the polyhistidine-Cu 2+ -NTA ternary complexes was on average 2-to 3-fold higher than polyhistidineNi 2+ -NTA complexes. These results suggest a stronger association between Cu 2+ -NTA and oligohistidines and are reflected in the higher values of the enthalpy change of the reaction (Table 1) . Nonetheless, exothermic reactions were observed with all M
-NTA-oligohistidine complexes tested in this study and excellent fits of the data (Figs. 2G, 2F and 3G, 3F) are achieved using a model with one set of independent binding sites ( Table 1) .
The ITC binding data of Cu 2+ -NTA to N-acetyloligohistidines is analogous to that observed with Ni (Table 1) . Significantly, while the decrease in binding affinity (from -NTA and N-acetyloligohistidines and the conformational changes resulting from the conversion of flexible oligohistidine peptides in the free N-acetyloligohistidines in solution to more rigid cyclic structures upon ternary complex formation (Fig. 1) to native proteins containing different histidine-rich sequences will probably occur in a similar way to that observed here with hexahistidine. The importance of this study lies in the potential use of these complexes as tools to create probes for protein labeling and to design novel strategies for bio-imaging of target proteins [43, 56] .
To investigate the possibility of ternary complex formation between N-acetyloligohistidines and other metal cations-NTA complexes, ITC experiments using NTA complexes of several common bivalent metal cations (i. upon complexation with N-acetylhexahistidine. This lack of heat of binding does not allow us to characterize the formation of ternary complexes (if any) with these metal ions under our experimental conditions. However, relatively weak binding is observed with Table 2 Best fit parameters for ITC measurements of M ), the complexation reactions are shown to be mainly driven by favorable enthalpy changes with minor increases in the entropy of the system (Table 2) .
These observations are generally in line with the known order of retention times observed in chromatography of hexahistidinetagged proteins on iminodiacetate functionalized affinity chromatography columns [33] Further studies are needed to address this question and the possibility that Mg 2+ cations might interfere with the separation of hexahistidine-tagged proteins by affinity chromatography.
Conclusion
Here, we investigated the binding thermodynamics of short oligohistidine polypeptides to complexes of nitrilotriacetate with bivalent metal cations using isothermal titration calorimetry. . Shorter oligohistidines exhibited weaker association and lower binding stoichiometries. The small differences in the binding constants between N-acetylhexahistidine and shorter N-acetyloligohistidines reported here for both Ni 2+ and Cu 2+ complexes have important practical applications.
The common rationale for using hexahistidine tags for affinity purification is a combination of the rarity of the HHHHHH motif in natural proteins with significant differences in binding of aminocarboxylate-Ni 2+ on interfaces. This notion is no longer applicable to homogeneous solutions where binding of proteins containing different dihistidine and trihistidine motifs might be significant.
